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The myotendinousjunction (MTJ) is the major site
offorce transmissionfrom myofibrils across the
muscle ceUmembrane to the extracellular matrix.
The MTJ is thus an appropriate model system in
which to test the hypothesis that dystrophin, the
gene product absent in Duchenne muscular dys-
trophy,functions as a structural link between the
muscle cytoskeleton and the ceUl membrane. We
studied changes in MTJ structure in dystrophin-
deficient mdx mice duringperiods ofgrowth and
aging that spannedprenecrotic, necrotic, and re-
generative phases ofpostnatal muscle develop-
ment in mdx mice. Prenecrotic animals were
found to exhibit structural defects at MTJs that
were similar to those describedpreviously in an-
imals at the peak ofnecrosis, including a reduc-
tion in lateral associations between thinfilaments
and the MTJ membrane. These defects therefore
occur before necrosis and may be directly related
to the absence ofdystrophin. Observations ofre-
generating andfuUy regeneratedMTJs in adult an-
imals show that the defects are stiU present, in-
dicating that normal thin filament-membrane
associations are never formed in dystrophin-
deflcient muscle. However, in prenecrotic as weUl
as regenerated adult mdx muscle, the MTJ mem-
brane is only slightly less folded than in age-
matched controls. This indicates that mdx muscle
possesses some dystrophin-independent mecha-
nism that allowsfor the initialformation ofM2Js,
despite the absence of dystrophin. The presence
of the defect in normal lateral, thin filament-
membrane associations in mdx muscle, regard-
less ofage, supports the hypothesis that dystro-

phin functions as a structural link between thin
filaments and the membrane. (Am J Pathol
1993, 142:1513-1523)

Dystrophin is the gene product that is absent or al-
tered in the Duchenne and Becker forms of muscular
dystrophy.1 A current hypothesis concerning the
function of dystrophin in normal skeletal muscle
states that the protein acts to support the mechanical
integrity of the plasma membrane and/or is involved
in cytoskeleton-membrane interactions. This hypoth-
esis is based on a) sequence similarities between do-
mains of dystrophin and those of the cytoskeletal pro-
teins spectrin and a-actinin,2 b) immunolocalization
of dystrophin at the muscle cell membrane,3- and c)
the apparent association of dystrophin with a glyco-
protein complex that spans the plasma membrane7,8
and has binding affinity for laminin.9 If dystrophin
functions as an essential mechanical link between cy-
toskeleton and membrane, then the absence of dys-
trophin could result in the inability of the muscle cell
cytoskeleton to maintain its association with the mem-
brane under physiological mechanical loads. Such a
defect would likely be detectable morphologically,
especially at sites where cytoskeleton-membrane in-
teractions experience high mechanical stress.

The skeletal muscle myotendinous junction (MTJ)
is the primary site at which muscular force is trans-
mitted from myofibrils across the plasma membrane
to the collagen fibrils of the tendons. The interface
between cell and substratum at the MTJ is highly
folded and interdigitated, an adaptation for reduc-
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tion of mechanical stress on the junctional mem-
brane.10'11 Actin filaments extend into the terminal
muscle cell processes at the MTJ and are bundled
into a subsarcolemmal dense plaque that is also
thought to be a specialization for adhesion to and
force transmission across the cell membrane.12 Talin,
vinculin, and paxillin, proteins that function in actin-
membrane associations in the focal contacts of cul-
tured fibroblasts,13-15 are also concentrated at
MTJs. 15-17 In addition, several recent studies have
demonstrated that dystrophin is present at MTJs, as
well as at nonjunctional muscle cell mem-
branes.5,1819 Thus, the morphological specializa-
tions and molecular composition of the MTJ make it
an excellent model system in which to study
cytoskeleton-membrane interactions, vis-a-vis the
function of dystrophin.
We recently identified a defect in MTJ morphology

in hind limb muscles of 4-week-old mdx mice, which
lack dystrophin,1 that is not seen in age-matched con-
trol mice in which dystrophin is present.20 Specifically,
we noted that 4-week mdx MTJs show much less of
the membrane-folding characteristic of normal MTJs
and lack normal, lateral associations between thin fil-
aments and the junctional membrane. These obser-
vations support the hypothesis that dystrophin me-
diates lateral associations between thin filaments and
the membrane and that those associations are nec-
essary for MTJ membrane folding. We further spec-
ulated that reduction of membrane folding could re-
sult in mechanical damage to these sites, leading to
muscle fiber necrosis.

In the present investigation, MTJ structure is com-
pared in mdx and control mice at various ages, to
enable the following questions to be answered. 1) Is
the defect in thin filament-membrane association
seen in 4-week-old mice also present in mdx muscle
that has not yet undergone degeneration and necro-
sis? If MTJs appear normal in 1-week-old mdx mus-
cles that display no signs of necrosis, that will indicate
that MTJ defects are secondary to some other patho-
logical change resulting from dystrophin deficiency.
If, however, the junctions display defects in lateral as-
sociations between thin filaments and the membrane,
that will support the hypothesis that dystrophin me-
diates thin filament-membrane lateral associations. 2)
Does MTJ morphology of adult mdx mice resemble
that of controls? If reduction in MTJ membrane folding
results in mechanical failure at the junction followed
by fiber necrosis, then the successfully regenerated
fibers in adult mdx muscle must possess some mech-
anism for generating and maintaining MTJ membrane
folding in the absence of dystrophin.

Materials and Methods
Mdx mice and age-matched C57BL/10SnJ mice
were killed by cervical dislocation at 1, 4, 6, and 23
weeks of age. Hind limbs were skinned and mus-
cles were fixed in situ for 1 hour by immersion in
1.4% glutaraldehyde in 0.2 mol/L cacodylate buffer,
pH 7.2. Soleus and extensor digitorum longus mus-
cles were then dissected free and fixed for an addi-
tional hour. Muscles were dissected into blocks,
postfixed in 1% OS04, then dehydrated, and em-
bedded in epoxy resin. Longitudinal thin sections
were stained with uranyl acetate and lead citrate.
Sections were viewed and photographed using a
Zeiss EM1OAG transmission electron microscope
(Carl Zeiss, Oberkochen, FRG). Because this study
is directed toward identifying structural defects spe-
cific to the absence of dystrophin, we primarily
compared fibers from all four age groups that
showed no signs of general degeneration, such as
Z-disc streaming, hypercontraction, or dilation of
sarcoplasmic reticulum. Because such apparently
normal fibers were atypical in mdx muscle at 4 and
6 weeks of age, we have also included a descrip-
tion of MTJ morphology that is more representative
of the samples from those age groups.

Results

One Week

Tissue from both mdx and control mice at 1 week of
age displayed signs that the muscle fibers were im-
mature (Figure 1). Fiber profiles had uniformly small
diameters in both groups (10 to 20 p), and fibers
from both had narrow, although well-organized, my-
ofibrils interspersed with a large number of mito-
chondria, free ribosomes, and myonuclei. Mononu-
cleated cells were clustered at the MTJs of fibers
from both groups, in approximately equal numbers.
These cells had the extended cytoplasmic pro-
cesses and abundant rough endoplasmic reticulum
characteristic of tendon fibroblasts.21 No qualitative
difference in muscle cell membrane folding at MTJs
was seen at 1 week. However, fibers that showed
no ultrastructural signs of the onset of degeneration
in nonjunctional regions displayed a structural
anomaly in some MTJ regions (Figure 1A). The ter-
minal thin filaments were bundled as in control
MTJs, but the lateral associations between these fil-
ament bundles and the junctional plasma mem-
brane that are present at control MTJs were absent
in the 1-week mdx tissue. These defects in
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Figure 1. Electroni micrographs of TJ77s from hinid limb miiscle qf mice aged 1 u'eek. A: mdx. The 177 membrane is highly folded, anld terminlal
cellproce.sses intterdigitate uwith collagen fibrils. A1tiofibrils extentd inito terniinal mniscle cellprocesses, where most of the terminal thin filamenzts are

bolntdled antd associate laterally ithitbnctional plasma menibranie (arrouheads). However. several terminialfilamenzt buntdles arepresetnt without
laterall/-associated nmenmbrante (arrous). These filaments seenm to be ancborerd to membrante on/i'i at their enzds. A fibroblast is seent adlacenlt to the
.1177. Iniset. high magnification of too ternitinal thin filamenit butndlesv lackinig lateral association u,ith the cell membranie. B: conitrol. MS77 mem-
branie is also high/l folded in the control fiber, and all termiinal thin filanient bnndles seem to be associated laterally> uitb junlctionial membranle
(arrowheads). Fibroblast processes interdigitate between the tiiscle cellprocesses. Scale bar = 1 It.

cytoskeleton-membrane association, although defi-
nitely present in these prenecrotic samples, were
not widespread; terminal thin filament bundles that
appeared normally associated with folded plasma
membrane were also seen in the 1-week mdx fi-
bers. The defect was not seen in any 1 -week control
samples (Figure 1B). No qualitative differences in
MTJ structure were detected between samples from
soleus and extensor digitorum longus muscles, in
mdx, or control mice within each age group stud-
ied.

Four Weeks

Muscles from mdx and control animals were exam-
ined, and the results confirm and extend those of
our initial study.20 Previous studies (e.g., ref. 22)
have shown 4 weeks to be the peak of muscle fiber
necrosis in mdx mice, and our results qualitatively
confirm the presence of widespread degeneration
and necrosis at this age, absent in control tissue.
MTJs of fibers in advanced states of degeneration
exhibited Z-disc streaming, dilation of sarcoplasmic
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Figure 2. tt7.fs.trom rniCe aiged 4 weeks. A: nmdx. Cell termi-
nu2is colantns lonig bundles of tb/ /filameizts, uwitb no Icaterallyr
associated membrane (arrowheadsi. Hi.nd-on association of
these filaments u/bith the membrane appears intact (arrusL).
AI7 membrante shous on?lyl a fiu shallow ]b lds. and occa-
sional deeper clefts (doufble arrouhead). .NVonmuscle cell pro-
cesses, likely fihroblasts (fj. are closehi apposed to the otzuscie
cell menmbr-anie. B: CGontrol. M17.7 membrane is associated lat-
erallp u/ith ter/niiial thibnfilanwuepit buntzdles alonig the length of
etveral extensize muscle cellprocewsse-s (arrowbeads). vb non-
muscle cells arce present at this M77. C: Degenerating fiber
from mdx. Note Z-di:;sc streaming (arrows), disorganization
of terminal sarcomeres, and dilated sarcoplasmnic reticulum
(arrowheads). Scale bar = Iu.
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reticulum, and disorganization of myofibrils (Figure
2C). However, in cells that appeared otherwise nor-
mal in nonjunctional regions, terminal thin filament
bundles lacking lateral associations with the plasma
membrane were present at MTJs of mdx animals
(Figure 2A) and were not seen in controls (Figure
2B). These defects were much more prevalent in
the 4-week tissue than in the 1-week samples. The
MTJ membrane of mdx fibers also seemed to be
less folded than that of control fibers. Junctional re-
gions in both control and mdx tissue were popu-
lated by mononucleated cells whose elongated
shape, extended cytoplasmic processes, and
abundant rough endoplasmic reticulum identified
them as fibroblasts. However, these cells were more
closely apposed to the muscle cell termini in the
mdx tissue (Figure 2A), and the dilated state of their
rough endoplasmic reticulum along with the pres-
ence of prominent nucleoli (not shown) indicated
that they were more metabolically active than similar
cells at control MTJs.

Six Weeks

Mdx muscles are known to undergo a period of ac-
tive regeneration that peaks at approximately 6
weeks of age.22 Examination of mdx tissue at 6
weeks confirmed the presence of a large number of
fibers that seemed to be actively regenerating.
Many fibers displayed chains of nuclei, some at or
near the MTJ (Figure 3C), that were located in the
middle of the fiber rather than at the periphery. Fi-
bers also frequently contained small-diameter myo-
fibrils (<0.5 p), with intervening mitochondria and
vesiculated cytoplasm (Figure 3, C and D) that were
not seen in age-matched control tissue. Myofibrils
were often disorganized at MTJs of 6-week mdx fi-
bers, exhibiting Z-disc streaming, myofilaments out
of lateral register, and terminal sarcomeres without
Z-discs (not shown; cf. Figure 2C). Overall, junc-
tional membrane folding in mdx fibers appeared
much reduced, even more so than at 4 weeks. The
few fibers that appeared otherwise normal ultra-
structurally displayed the defect in thin filament-
membrane association at the MTJ seen in 4-week fi-
bers (Figure 3A). This defect was not seen in the
control tissue (Figure 3B). No mdx fiber at 6 weeks,
regardless of its state of degeneration or regenera-
tion, showed normal thin filament-membrane asso-
ciations at the MTJ. Also, as in the 4-week tissue,
junctional regions were heavily populated by mono-
nucleated cells in both mdx and control muscle.
However, the mononucleated cells at control MTJs

had the same characteristic appearance and abun-
dance as the fibroblasts seen in the 1-week and
4-week controls, whereas the mononucleated cells
at mdx MTJs were more numerous and more
closely apposed to the muscle cell membrane (Fig-
ure 3, A, C, and D). Many of these cells also were
more rounded, had less rough endoplasmic reticu-
lum and more cytoplasm than fibroblasts, and con-
tained an assortment of lysosomes and small vesi-
cles (Figure 3, C and D). These characteristics
indicate that the cells present at 6-week mdx MTJs
were likely monocytes/macrophages,23 or possibly
neutrophils.24 Less frequently, cells with the crystal-
line granules characteristic of eosinophils25 were
also seen near MTJs in the 6-week mdx tissue (not
shown).

Twenty-Three Weeks (Adult)

Fibers from adult mdx tissue were ultrastructurally
more like their age-matched controls than were fi-
bers from either the 4- or 6-week muscles. Most
adult mdx myofibrils had normal diameters and
were in lateral register, although Z-disc streaming,
sarcoplasmic reticulum dilation, and immature myo-
fibrils were observed in some cells (not shown), as
were centrally located chains of nuclei, an indicator
of regeneration26'27 (Figure 4C). The junctional
membrane appeared more folded than at 4 or 6
weeks. However, the defect in lateral association
between terminal thin filament bundles and the MTJ
membrane was still prevalent in adult mdx fibers
and was not seen in controls (Figure 4, A and B).
Fewer mononucleated cells were located near adult
control MTJs than at the MTJs of younger controls.
Those mononucleated cells present possessed ex-
tended cell processes and rough endoplasmic
reticulum characteristic of normal tendon fibroblasts
(Figure 4B). Mononucleated cells were present in
greater numbers at the adult mdx MTJs than at the
age-matched control MTJs but not as many as were
seen in 4- and 6-week mdx tissue. Most of these
had the characteristic morphology of fibroblasts, al-
though mononucleated cells located at MTJs of re-
generating fibers were often macrophages or neu-
trophils (Figure 4C).

Discussion
Identification of dystrophin as the gene product ab-
sent or altered in Duchenne and Becker muscular
dystrophy1 led immediately to speculation regard-
ing the function of the protein in normal skeletal
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Figure 3. M7Ts from 6-week-old animals. A: mdx. Several terminal thin filament bundles are shown that lack lateral associations with plasma
membrane (arrowheads). Junctional membrane folding appears reduced, similar to that seen in mdx fibers from 4 weeks. A nonmuscle cell is
closely associated uwth M7l. Scale bar = 1 p. B: control. Junctional membrane is highly folded and laterally associated uith terminial thin fila-
ments, as in previous controls (arrowheads). Scale bar = 1 p. C: regeneratinig mdx fiber. Cell terminus includes longitudinally-aligned nuclei with
dispersed chromatin (n), and nascetnt myofibrils (arrowheads) associated with zunfolded terminal cell membrane. Scale bar = 3 i. D: mdx fiber
containing immatuire myofibrils (arrowheads), closely associated at the M7,7 with a macrophage (m). Scale bar = 2 p.
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Figure 4. MJ7s from 23-ueek-old (aduilt) mice. A: mdx. Althouigh jtunctionial membranie is folded to some extent, the depth anid nulimber offolds
appears reduiced compared to the control, as in the 4- atnd 6-ueek tissue. Again, terminial thin filamenit bundles lack lateral associationis with junc-
tionzal membrane (arrowheads). Scale bar = I . B: control. Membrane folding anid thin filament-membrane associations (arrouheads) are quial-
itatively similar to conitrols from the three younlger age grouips. Scale bar =1 . C: regeneratinig mdx fiber with a chaini of myonuclei at the cell
terminutis. Adjacenit macrophages contain a heterogenzeouis assortmenit ofphagociytic incluisionis (arrowheads). Scale bar = 3 j.

muscle. Sequence analysis showed a high degree
of similarity between the N-terminal domain of dys-
trophin and the actin-binding domains of a-actinin
and spectrin and between the central rod domain of
dystrophin and that of spectrin.2 These compari-
sons suggest cytoskeletal roles for dystrophin simi-
lar to those of a-actinin and spectrin. Dystrophin

copurifies with a complex of membrane-associated
proteins, some of which span the lipid bilayer.78
One of these dystrophin-associated proteins has
binding affinity for the basement membrane pro-
tein, laminin.9 Although these data, together with
the subplasmalemmal location of dystrophin,3'4'6
suggest that dystrophin mediates cytoskeletal-
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membrane associations, little experimental evi-
dence exists to establish the function for dystrophin
in normal muscle.

Our previous study20 demonstrated a defect in
lateral associations between terminal thin filament
bundles and the MTJ plasma membrane in 4-week-
old mdx mice. Although those results were consis-
tent with a structural role for dystrophin at the MTJ
and the defect was observed in fibers that other-
wise appeared prenecrotic, it was feasible that the
defect is an early sign of necrosis that is not spe-
cific to the absence of dystrophin. The present
study demonstrates the presence of the defect in
mdx MTJ structure at 1, 4, 6, and 23 weeks, sup-
porting the hypothesis that dystrophin functions in
normal thin filament-membrane associations in skel-
etal muscle. Critical to this study is the examination
of tissue from mdx mice that have not yet under-
gone the initial degeneration seen at 4 weeks to as-
certain whether the defect in thin filament-
membrane associations is a direct result of the
absence of dystrophin, rather than simply an early
manifestation of the general pathogenesis of mus-
cular dystrophy. The presence of the defect in
1-week tissue supports our hypothesis that dystro-
phin mediates lateral associations between thin fila-
ments and the membrane. However, the observa-
tion that these lateral associations are present in
some prenecrotic mdx fibers indicates that dystro-
phin is not essential for formation of these associa-
tions.

In addition to the dystrophin-specific defect in
cytoskeleton-membrane interaction at the MTJ,
there are other ultrastructural changes in the mdx
myotendinous region that are consistent with previ-
ous descriptions of degeneration and regeneration
in nonjunctional regions of mdx muscle fibers.22
Many fibers at both 4 and 6 weeks have obvious
signs of pathology at the MTJ, including Z-disc
streaming, hypercontraction, and general disorgani-
zation of the myofilament lattice. Also, many 6-week
fibers have centrally located nuclei near the fiber
termini and are often accompanied by the presence
of narrow myofibrils resembling those seen in
1-week animals. These signs of degeneration27 and
regeneration26 are not specific to muscular dystro-
phy.26,28'29 Previous investigations have shown in-
creased numbers of mononucleated cells at MTJs
following muscle injuries or modified muscle
use30-32 and during embryonic and neonatal mus-
cle growth.' 1,21,33,34 Our results show that at 1 week
of age, MTJs of mdx and control animals are asso-
ciated with many fibroblasts, presumably involved
in the rapid growth experienced at this age. How-

ever, mononucleated cells in mdx mice 4 weeks
and older are more numerous than in controls and
in much closer proximity to the MTJ membrane.
These cells are a mixture of active fibroblasts, mac-
rophages, neutrophils, and occasional eosinophils.
The latter three cell types are phagocytic and prob-
ably function in the removal of cellular debris result-
ing from the muscle cell necrosis that peaks at 4
weeks. This is consistent with previous reports of
the presence of phagocytic cells in degenerating
muscle from Duchenne muscular dystrophy pa-
tients35 and in muscle beginning to regenerate from
thermal injury.26 The active fibroblasts are likely in-
volved in remodeling the extracellular matrix during
regeneration. It is unclear what influence the tendon
fibroblasts have on the morphogenesis and mainte-
nance of MTJ structure, although fibroblast cyto-
plasmic processes are often deeply interdigitated
with the junctional muscle cell processes in regen-
erating fibers, much like the relationship between
the two cell types seen in developing muscle21 and
in experimentally overloaded muscle.32 The separa-
tion and duplication of basal lamina reported in
muscle biopsies from Duchenne patients36'37 was
not seen in the prenecrotic or regenerated mdx
muscle. Separation of basal lamina was seen occa-
sionally at 4 and 6 weeks, but only in necrotic cells
and cells that seem to be actively regenerating
(data not shown). This suggests that defects in
cell-substratum attachment may occur only after
degeneration has begun and during the period
when longitudinal growth of regenerating fibers is
accompanied by high turnover of cell-substratum
attachments.38 Such basal lamina separation may
be related to the reduction in dystrophin-associated
glycoprotein concentration seen in mdx muscle,39
given the affinity of at least one of these glycopro-
teins for the basal lamina component, laminin.9

Although present at all ages studied, the MTJ de-
fect is much rarer in 1-week mdx tissue than at 4, 6,
or 23 weeks. Also, the reduction in folding of MTJ
membrane in mdx muscles relative to controls is
most severe at 4 and 6 weeks, less so at 23 weeks,
and not discernible in 1-week samples. A possible
explanation for this is that a second, dystrophin-
independent mechanism mediating thin filament-
membrane associations is also present in muscle
and that this parallel mechanism is transiently dis-
rupted during the stages at which mdx fibers expe-
rience peaks in degeneration and regeneration. For
example, talin, paxillin, and vinculin are known to
mediate actin-membrane associations at focal con-
tacts of cultured fibroblasts and are normally
present at MTJs. 14-17 Associations mediated by
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these proteins may suffice to maintain membrane
folding in immature 1-week fibers but may be dis-
rupted in more mature fibers by one of several
possible mechanisms. Early studies on Duchenne
muscular dystrophy indicated that calcium concen-
trations are elevated in muscle samples from af-
fected individuals,40 and more recent studies have
demonstrated that muscle cells from mdx mice are
less able to regulate intracellular calcium concen-
tration than control cells,41'42 and a resulting in-
creased intracellular calcium level may activate en-
dogenous proteases leading to degradation of
contractile proteins.43 Talin and vinculin are known
substrates for one of these calcium-dependent pro-
teases,4445 and their degradation may lead to the
degeneration seen in mdx mice aged 3 to 4 weeks.
A second possible mechanism for the age-
dependence of the onset of degeneration in mdx
muscle20 is that MTJ membrane defects develop as
the junction experiences progressively larger me-
chanical stress as fibers differentiate to express
adult isoforms of contractile proteins. The postu-
lated parallel system of cytoskeleton-membrane
linkage mediated by talin, paxillin, and vinculin may
suffice to maintain normal MTJ morphology under
the lower stresses induced by the immature con-
tractile protein isoforms but fail to do so under the
higher intrinsic forces produced by adult iso-
forms.46 Our hypothesis that dystrophin-deficient
MTJs can bear loads generated by contractile pro-
tein isoforms characteristic of immature muscle is
consistent with the observation that muscle in Du-
chenne muscular dystrophy patients renews ex-
pression of the fetal myosin heavy chain isoform
during regeneration47 and with reports that
dystrophin-deficient muscle is more susceptible to
injury related to contractile activity than control mus-
cle.48

Alternatively, the integrity of MTJ morphology in
mdx muscle may depend on developmentally regu-
lated expression of cytoskeleton-membrane linkers
other than dystrophin. Recent studies have shown
that an autosomal gene product related to dystro-
phin is present at neuromuscular junctions and
MTJs in both normal and mdx mouse muscle.49-51
Furthermore, the expression of the dystrophin-
related protein is developmentally regulated, peak-
ing perinatally, and thereafter decreasing, reaching
the low level present in adult tissue at approxi-
mately 3 weeks of age, the stage at which degener-
ative activity is highest in mdx tissue.51 A recent
study52 showed the concentration of dystrophin-
related protein was higher in mdx muscle than in
controls, and it was distributed generally over

dystrophin-deficient muscle cell membranes rather
than at MTJs and neuromuscular junctions alone. If
this protein is able to substitute in part for dystro-
phin at the MTJ, its relatively high level of expres-
sion in early postnatal animals may explain the rarity
of defects in cytoskeleton-membrane association at
the MTJs of 1-week-old mdx mice noted here.

It is intriguing to note that the severity of the MTJ
defects shown here coincides with the reduction in
normalized force generation seen in 3- to 4-week-
old mdx muscle.53'54 However, further study of the
structure and contractile properties of prenecrotic
mdx muscle is required to determine if the ob-
served physiological abnormalities result directly
from the absence of dystrophin or indirectly from
the degeneration and necrosis seen at 3 to 4
weeks.

In summary, the documentation in the present
study of a defect in cytoskeleton-membrane associ-
ations at all of the ages examined, and especially in
prenecrotic muscles from 1-week mdx mice, sup-
ports the hypothesis that dystrophin functions in
normal, lateral associations between thin filaments
and the membrane at the MTJ. The presence of
substantial MTJ membrane folding in prenecrotic
and adult mdx muscle suggests that, at these
stages of development, mdx mice may compensate
for the absence of dystrophin by using dystrophin-
independent mechanisms to link the cytoskeleton to
the MTJ membrane.
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